naturally occurring form of c-Myc, c-Myc S, which lacks box I and most of the transactivation domain, exhibits a similar half-life as full-length c-Myc, pointing to the role of other c-Myc protein regions in regulation of c-Myc protein stability (12) . Furthermore, c-Myc S mediates a number of c-Myc-specific functions, including repression of transcription from several promoters, regulation of proliferation and apoptosis, as well as rescue of phenotypes in myc null fibroblasts (13) (14) (15) . These results suggest that amino acids (aa) 1 that lie downstream of those missing in c-Myc S (aa 1-100) are responsible for regulation of c-Myc protein stability. Recently, the F box protein Skp2, along with its associated E3 ligase complex, was shown to mediate the destabilization of c-Myc via box II and helixloop-helix leucine zipper domains of c-Myc (16, 17) .
The expression of c-myc is regulated differently in normal growth conditions than under conditions of cellular stress or in human cancers, albeit with different outcomes of c-myc function. For example, human Papillomavirus E6-16 high risk oncoprotein, but not the low risk E6-11 oncoprotein, was shown to induce the ubiquitin-dependent, proteasomal degradation of Myc (11) , presumably acting to prevent apoptotic induction by c-Myc. However, significant increases in c-Myc protein half-life have been noted in human glioma and in Burkitt's lymphoma cell lines (4, 8, 18) . The opposing level of c-Myc proteins in different tumor types suggests that regulation of c-Myc stability is adjusted depending on its cell type-specific function.
Point mutations frequently found to occur around Thr-58 and Ser-62 within the transactivation domain of c-Myc have been associated with increased c-Myc protein stability (4, 8, 18, 19) . These mutational hotspot residues are phosphorylated by GSK3 and MAPK family members (20 -24) . Additionally, JNK has been shown to phosphorylate c-Myc Ser-62 and Thr-71 (25) . Regulation of c-Myc protein stability as well as subsequent gene activation and S phase induction have been associated with Ras signaling (6, 19, 26) . However, mutation of c-myc is not essential for its stabilization in certain Burkitt's lymphoma cells, suggesting that other mechanisms may contribute to the regulation of c-Myc protein stability (8) .
The stability of several transcription factors, including cJun, ATF2, JunB, and p53, was shown to be affected by JNK (5, (27) (28) (29) (30) . JNK-targeted ubiquitination and degradation of these transcription factors takes place under normal, non-stressed conditions, when JNK is not active as a kinase (reviewed in Ref. 31) . In all cases, JNK serves as an adaptor to an unknown ligase, different from those implicated in the regulation of the stability of these proteins (i.e. independent of Mdm2, in the case of p53; (5, 29) ).
We previously identified a novel region of c-Myc from aa 127-189 involved in mediating an MEKK1-dependent, stressinduced increase in c-Myc protein stability (32) . In this study, we further characterize the role of aa 127-189 in mediating altered c-Myc stability under normal growth conditions. Here we identify JNK as a targeting factor that increases the ubiquitindependent degradation of c-Myc via a ␦-like domain on c-Myc. In addition, we developed a peptide of aa 127-189 of c-Myc capable of blocking endogenous c-Myc degradation by competing for JNK binding, resulting in altered cell cycle distribution.
EXPERIMENTAL PROCEDURES
Cell Culture-TIG-3, normal human lung fibroblasts, and NIH3T3, mouse embryo fibroblasts, were grown in Dulbecco's modified Eagle's medium (Mediatech, Inc.) supplemented with 10% calf serum (Invitrogen) and 100 units and 100 g/ml penicillin/streptomycin (Mediatech, Inc.). MCF-7, breast carcinoma cells, 293T, human adenovirus-transformed kidney cells expressing SV40 large T antigen cells, and HeLa, cervical carcinoma cells, were grown in Dulbecco's modified Eagle's medium (Mediatech, Inc.) supplemented with 10% fetal bovine serum (Sigma) and 100 units and 100 g/ml penicillin/streptomycin (Mediatech, Inc.). Cell cultures were maintained at 37°C in 5% CO 2 .
Plasmid WT . pRETRO-SUPER (pRS-C) vector was kindly provided by Dr. Reuven Agami (35) . JNK sequences were cloned into the BglII and HindIII sites of pRETRO-SUPER to create pRETRO-SUPER JNK (pRS-JNK). pBabe puro vector was kindly provided by Dr. Greg P. Nolan. GFP was cloned into the pBabe puro vector to produce pBabe GFP. pEF vector, driven by the elongation factor 1 promoter, was kindly provided by Dr. Patricia Cortes. HA tag, penetratin sequence, and GFP tag were cloned into the pEF vector to create vector GFP (V-GFP). Myc aa 127-189 was PCRamplified from WT Myc sequence with BamHI and SalI restriction sites for subcloning into the GFP vector backbone to create HA Myc C peptide GFP (Myc-pep WT ), and Myc aa 127-189 with point mutations at Leu-176 and Leu-178 to Ala were similarly cloned from Myc Leu-176,178 Ala into the pEF vector to create HA Myc LL-C peptide GFP (Myc-pep 2PM ) and from Myc aa 127-189 with point mutations at Leu-176, Leu-178, Ser-186, and Glu-187 to Ala from 4PM Myc to create HA Myc 4PM C peptide GFP (Myc-pep   4PM ). pMD.OGP encoding gag-pol and pMD.G encoding vesicular stomatitis virus G protein (VSV-G) plasmids were kindly provided by Dr. Adrian Ting (36) . All constructs were verified for integrity by sequencing.
Bacterial Protein Expression-pTrcHis A Myc WT and Myc ⌬C were transformed into Escherichia coli strain BL21. Cultures were grown to OD 0.6 and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 4 h at 37°C. Cells were harvested by centrifugation at 6000 rpm for 10 min at 4°C. The bacterial pellet was lysed in buffer with 50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, and 10 mM imidazole. After a brief sonication, the lysate was centrifuged at 15,000 rpm for 30 min at 4°C. Cleared supernatant was then incubated with 50% Ni-NTA resin (Qiagen) on a rotator for 1 h at 4°C. Myc proteins bound to the beads were washed and eluted against a buffer with 250 mM imidazole and dialyzed against a solution containing 50 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM benzamidine, 0.1% ␤-mercaptoethanol, 0.2% Nonidet P-40, and 5% glycerol. Proteins were again bound to 50% Ni-NTA resin (Qiagen), and then washed and analyzed for purity and concentration by SDS-PAGE and Coomassie Brilliant Blue staining using bovine serum albumin (Pierce) as a standard.
In Vitro Ubiquitination-Empty nickel NTA beads (Qiagen) or nickel beads bound to bacterially expressed Myc WT or Myc ⌬C (deleted of aa 127-189) cloned in pTrcA his vector (Invitrogen) were preincubated for targeting with control buffer (composed of 20 mM HEPES, pH 7.6, 50 mM KCl, 1 mM dithiothreitol, 0.25% Nonidet P-40, 5 mM NaF, 1 mM EGTA, 5 mM MgCl 2 , 0.25 mM phenylmethylsulfonyl fluoride); or with 100 g of TIG-3 cell extract lysed with lysis buffer composed of control buffer with 350 mM NaCl and 20% glycerol; or with 2 g of purified JNK (isolated from extracts by c-Jun protein coupled to GST beads) as indicated for 30 min at 37°C, and then washed four times in control buffer and one time in 50 mM Tris, pH 7.4, 1 mM dithiothreitol. In vitro ubiquitination in the presence of ubiquitination buffer (50 mM Tris HCl, pH 8.0, 5 mM MgCl 2 , 0.5 mM dithiothreitol, 2 mM NaF, 3 M okadaic acid), 2 g of ubiquitin HA, 2 mM ATP, 1.5 mM ATP␥S, and rabbit reticulocyte lysate depleted of JNK by preincubation with GST-c-Jun beads was performed for 1 h at 37°C. The reaction was stopped using STOP buffer (8 M urea, pH 6.5, 0.1% Nonidet P-40), beads were washed three times in STOP buffer and one time with phosphate-buffered saline, 0.5% Triton X-100, and protein complexes were eluted in 3ϫ SDS sample buffer. The proteins were separated on 8% SDS-PAGE gels, and the upper portion of the blot was probed with HA antibody (12CA5; Berkeley Antibody) to detect polyubiquitin HA complexes formed on c-Myc, whereas the lower portion of the blot was probed with c-Myc polyclonal antibody (Sigma) to confirm the loading of equal amounts of c-Myc in the reactions compared.
Transfection-TIG-3, normal human lung fibroblasts, were transfected with 4 g of the Myc forms indicated under "Results" and 400 ng of the kinases indicated using LipofectAMINE Plus reagent, according to manufacturer's protocol (Invitrogen). MCF-7, breast carcinoma cells, and HeLa, cervical carcinoma cells, were transiently transfected with the indicated constructs (see Fig. 3 ) using LipofectAMINE Plus (Invitrogen). 293T, human adenovirus-transformed kidney cells expressing SV40 large T antigen, were transfected using calcium phosphate with gag-pol, VSV-G, and pRS plasmids as described (36 , with and without 0.8 g of pBabe puro using LipofectAMINE Plus (Invitrogen).
Stable Cell Line Production-MCF-7 stable mass cultures were established by co-transfection of the peptides described above and V-GFP vector as control along with pBabe puro for selection using lipofectAMINE Plus (Invitrogen). Cells were selected using 1 g/ml puromycin (Sigma) treatment for 2 weeks, and selected cells were sterilesorted based on GFP expression to enrich for the GFP-positive population by MoFlo high speed cell sorter (Flow Cytometry Shared Research Facility, Mount Sinai). Whole cell extract was used in direct Western analysis (see Fig. 3 , WCE lanes) and for immunoprecipitation using HA antibody (12CA5; Berkeley Antibody).
Cycloheximide Chase-Equal numbers of transfected MCF-7 cells (as outlined above) were plated. 24 h later, cells were treated with 20 g/ml cycloheximide (Sigma) for 40 or 80 min or untreated (0 min). Cells were harvested, and proteins were prepared and separated on 10% SDS-PAGE gels. Immunoblot analysis was performed using c-Myc polyclonal antibody (Sigma). The blots were stripped and reprobed using HA antibody (12CA5; Berkeley Antibody), as well as monoclonal ␤-actin antibody (Sigma).
Chemical Treatment-TIG-3 cells were treated 24 h after transfection with Me 2 SO (Sigma) or 40 M MG132 (Peptides International) for 4 h before harvesting for co-immunoprecipitation.
Co-immunoprecipitation-TIG-3 cells were transiently transfected with V5-tagged c-Myc and were treated 24 h after transfection with Me 2 SO (Sigma) or 40 M MG132 (Peptides International) for 4 h before harvesting. Immunoprecipitation (IP) of V5 Myc was performed using V5 antibody (Invitrogen), IP of JNK was performed using monoclonal JNK antibody (Pharmingen), and IP of HA was performed using HA antibody (Berkeley Antibody) on 1 mg of total protein at 4°C for 16 h. Protein G agarose beads (Invitrogen) were incubated with reaction mixtures at 4°C for 2 h. Immune complexes were washed in Dulbecco's phosphate-buffered salt solution (Mediatech, Inc.) two times followed by three times without 0.5 M lithium chloride (Sigma). Bound proteins were eluted by boiling in SDS-sample buffer and separated on 10% SDS-PAGE gels, blotted onto nitrocellulose membranes, and probed with Myc polyclonal antibody (RDI). The blot was then stripped and incubated with JNK monoclonal antibody (666; Pharmingen) or JNK polyclonal antibodies (Pocono Rabbit Farm, Poconos, PA).
Small Interfering RNA Infection-3T3 cells were infected for 16 h with 4 g/ml polybrene and retroviral supernatant collected from 293T cells co-transfected with gag-pol and VSV-G along either with empty pRS vector (pRS-C) or with pRS vector containing small interfering RNA against JNK (pRS-JNK) prepared as described (36) . Following change to fresh media, cells were harvested after 48 h. 100 g of cell lysate was run on a 10% SDS-PAGE gel and immunoblotted using Myc polyclonal antibody (Sigma). The blot was stripped and reprobed with antibodies to JNK (666; Pharmingen) to confirm reduction of JNK, as well as with ␤-actin monoclonal antibody (Sigma) to confirm equal protein loading. Results shown are representative of three experiments.
Immunoblotting-Proteins were prepared 48 h after transfection using lysis buffer (control buffer with 350 mM NaCl and 20% glycerol) with protease inhibitor mixture (Sigma), and protein concentrations were determined using Coomassie protein assay reagent (Pierce) and bovine serum albumin (Pierce) as standard. Proteins were boiled in SDS-sample buffer and separated on SDS-PAGE. Proteins were transferred onto a nitrocellulose membrane. The blots were blocked with 5% non-fat dry milk in TBST (50 mM Tris-Cl, pH 7.6, 100 mM NaCl, and 0.1% Tween 20) at room temperature for 1 h and incubated either for 1 h at room temperature or for 16 h at 4°C with the indicated antibodies followed by washes in TBST and incubation with horseradish peroxidase-conjugated donkey anti-mouse or anti-rabbit secondary antibody at a 1:10,000 dilution (Amersham Biosciences) for 1 h at room temperature. Following washes in TBST, bands were visualized using enhanced chemiluminescence (ECL) according to manufacturer's instructions (Amersham Biosciences).
Antibodies-Immunoblot for HA-tagged proteins was performed using monoclonal HA antibody (12CA5; Berkeley Antibody). Immunoblot for bacterially expressed Myc and endogenous c-Myc was performed using polyclonal Myc antibody (Sigma), unless otherwise indicated. Immunoblot of JNK was performed using monoclonal antibodies to JNK (666; Pharmingen) or JNK polyclonal antibody (Pocono Rabbit Farm). Immunoblot for ␤-actin was performed using monoclonal antibodies to ␤-actin (Sigma). Immunoprecipitation of V5-Myc complex was performed using monoclonal V5 antibody (Invitrogen).
Immunocytochemistry-HeLa cells plated on coverslips in 6-well dishes were transfected with 0.5 g of pcDNA FLAG-Myc WT and 1 g of GFP peptides using LipofectAMINE (Invitrogen). 24 h later, cells were fixed in 3% paraformaldehyde, 2% sucrose in phosphate-buffered saline for 10 min at room temperature, permeabilized in 0.5% Triton X-100, 3 mM MgCl 2 , and 6.8% sucrose for 5 min on ice, and blocked for 1 h in 5% bovine serum albumin in phosphate-buffered saline at room temperature. Cells were incubated with FLAG polyclonal primary antibody diluted 1:500 (Sigma) or normal rabbit Ig (Molecular Probes) as a negative control for 30 min at room temperature, and then cells were washed and incubated with Alexa red 568 secondary antibody (Molecular Probes) diluted 1:1,000 for 30 min at room temperature. Cells were washed and stained with 4Ј,6-diamidino-2-phenylindole (Sigma) for 1 min at room temperature to stain DNA and visualize the nucleus. Staining was visualized using a four-channel UV confocal laser scanning microscope (Microscopy Shared Research Facility, Mount Sinai).
FACS Analysis-Duplicate sets of TIG-3 cells were transfected with the indicated constructs using LipofectAMINE Plus (Invitrogen). 24 h later, one set of cells was trypsinized, fixed with ice-cold ethanol, and stained with propidium iodide (PI). Flow cytometry analysis was performed using a FACScalibur (BD Biosciences) and analyzed with CellQuest software. The control panel (see (38) . Based on homology with the c-Myc sequence, we deleted aa 166 -181 of c-Myc, thereby creating a more defined deletion of the region that resembles the ␦ domain of c-Jun. We also mutated either two leucines (Leu-176 and Leu-178) of c-Myc to create Myc 2PM or 4 aa (Leu-176, Leu-178, Ser-186, and Glu-187) to create Myc 4PM , sites that are homologous to the residues shown previously to be critical for JNK binding to c-Jun (Fig. 1A) . To assess the MEKK1 responsiveness of the more defined mutant Myc forms, we co-transfected TR-MEKK1, a kinase-dead form of MEKK1, or ⌬MEKK, a constitutive active MEKK1, with either wild type or mutant Myc forms, as indicated in Fig. 1B . Deletion of Myc aa 127-189 (Myc ⌬C ) resulted in loss of MEKK1-dependent increase in Myc expression (Fig. 1B) , consistent with our previous studies (32) . In addition, Myc mutants, Myc ⌬166 -181 , Myc 2PM , and Myc 4PM , also failed to increase expression upon co-transfection of ⌬MEKK1 (Fig. 1B) . These data suggest that the ␦ domain-like region of c-Myc is required for mediating an MEKK1-dependent increase in c-Myc expression.
Since MEKK1 effects are mediated via JNK, the ability of a constitutive active JNKK2 (JNKK2-CAA) to increase Myc levels was assessed. Indeed, overexpression of constitutive active JNKK2-CAA was able to increase c-Myc expression levels unlike its kinase-dead counterpart, JNKK2-AA (Fig. 1C) . JNKdependent targeting of its transcription factor substrates for ubiquitination occurs under non-stressed normal growth conditions where JNK is inactive as a kinase (27, 28, 38) . Accordingly, mutant forms of Myc exhibit higher basal expression levels as compared with Myc WT (Fig. 1B) . This finding provided the first indication for the possible role of JNK in regulation of basal c-Myc stability. To further assess this possibility, we sought to determine whether JNK and c-Myc associate, which is a prerequisite for JNK to affect the stability of its associated proteins (27) . IP of c-Myc from cells that overexpress this protein allowed the identification of JNK as a Myc-associated protein. Similarly, IP of JNK identified Myc as a JNK-bound protein (Fig. 1D) . Importantly, the identification of this complex required the presence of proteasome inhibitor, further pointing to the unstable nature of this complex. These results allude to the involvement of JNK in the regulation of c-Myc stability. were incubated either with extracts from TIG-3 cells or with purified JNK protein prior to the in vitro ubiquitination reaction. Preincubation with cell extract resulted in substantial ubiquitination of c-Myc, which was lower when c-Myc lacking aa 127-189 (Myc ⌬C ) was used as a substrate (Fig. 2A, compare  lanes 3 and 6) . This finding suggests that aa 127-189 contribute to the ubiquitination of the c-Myc protein; however, such ubiquitination also relies on other domains of c-Myc. Notably, addition of purified JNK to the in vitro ubiquitination reaction resulted in the ubiquitination of Myc WT , but not Myc ⌬C (Fig.  2A, compare lanes 4 and 7) . These results provide direct evidence for the role of JNK in targeting the ubiquitination of c-Myc and the requirement of aa 127-189 of c-Myc for JNK targeting. The degree of c-Myc ubiquitination by JNK is lower, when compared with cell extracts, suggesting that JNK is one of the components involved in the ubiquitination of c-Myc and that cooperating factors, missing from the purified JNK fraction, limit the degree of Myc ubiquitination. Since JNK used in these reactions was immunoprecipitated from JNK overexpressing cells, we assume that either that the JNK-associated ligase was co-immunoprecipitated or that such a ligase is present in the reticulocyte lysates (depleted of JNK), thereby enabling Myc ubiquitination.
JNK Increases the in Vitro Ubiquitination of c-Myc via aa

RNA Interference of JNK Increases c-Myc
Expression-To confirm the role of JNK in the regulation of c-Myc stability, we employed retroviruses that express small interfering RNA oligonucleotides that are designed to selectively inhibit JNK1 and JNK2 (pRS-JNK) or control pRS-C (35) . Upon infection of 3T3 cells with supernatant expressing pRS-JNK, but not pRS-C, we were able to reduce the expression of endogenous JNK protein (Fig. 2B) . Cells that exhibited reduced JNK expression were also found to possess elevated expression of endogenous c-Myc as compared with pRS-C-infected cells (Fig. 2B) . This increase in endogenous c-Myc levels provides an important confirmation for the role of JNK in regulation of c-Myc stability. Similarly, inhibition of JNK expression by antisense oligonucleotides (39) also resulted in increased c-Myc expression (data not shown). , mutated at Leu-176, Leu-178, Ser-186, Glu-187 to Ala), along with 400 ng of catalytically inactive MEKK1, TR-MEKK1, or constitutive active MEKK1, ⌬MEKK1, as indicated. Proteins were prepared 24 h after transfection, and 200 g of total cell lysate was separated on a 10% SDS-PAGE gel followed by immunoblotting (IB) using antibodies to the HA tag. As shown in C, TIG-3 cells were transfected with 4 g of HA-tagged Myc WT along with either 400 ng of JNKK2-AA, a catalytically inactive JNKK2, or 400 ng of JNKK2-CAA, a constitutive active JNKK2. Proteins were prepared and analyzed, as indicated in panel B. Blots were stripped and reprobed with antibodies to ␤-actin. As shown in D, TIG-3 cells were transfected with 4 g of V5-tagged Myc WT , and 24 h after transfection, cells were treated with Me 2 SO as control (Ϫ lanes) or 40 M MG132 (ϩ lanes) for 4 h before proteins were prepared. 10% input represents 100 g of total protein cell lysate, of which 1 mg was used in the IP. IP of V5 Myc was performed using V5 antibody, and IP of JNK was performed using monoclonal JNK antibody. Immunoblot of Myc was performed using c-Myc polyclonal antibody (RDI). The blot was subsequently stripped and incubated with monoclonal antibodies to JNK. Results shown are representative of three experiments. association, into a vector containing an amino-terminal HA tag followed by a nuclear localization sequence to ensure expression in the nucleus and GFP, which is driven by the strong elongation factor 1 (EF1) promoter.
A Peptide of c-Myc aa 127-189 Binds to JNK and Increases Endogenous c-Myc Expression-Although
Possible changes in the expression of endogenous c-Myc protein were monitored upon expression of WT or mutant peptides in normal human fibroblasts (TIG-3), which have a relatively low basal level of endogenous c-Myc. Expression of endogenous c-Myc increased in cells that express Myc-pep WT , when compared with control vector (Fig. 3A) . Notably, mutant Mycpep 4PM failed to increase c-Myc expression (Fig. 3A) . However, Myc-pep 2PM was still capable of increasing endogenous c-Myc expression (Fig. 3A) . We next tested whether the peptide, which contains a ␦ domain-like sequence expected to mediate an interaction with JNK, would block the association of JNK with endogenous c-Myc by squelching. To this end, WT or mutant forms of the Myc peptide were transfected into TIG-3 cells, and lysates were subject to co-immunoprecipitation with HA antibody against the tagged peptides followed by immunoblot with antibodies to JNK. Although immunoprecipitation of the Myc-pep WT identified JNK2 as a Myc peptide-associated protein, neither vector GFP nor mutant Myc peptides were able to associate with JNK (Fig. 3A) . The lack of association between either Myc-pep 2PM or Myc-pep 4PM with JNK is consistent with previous observations that point mutations of the corresponding residues of c-Jun to alanine abrogates JNK as- WT or Myc ⌬C were preincubated with control buffer, with TIG-3 cell extract (100 g), or with affinity-purified JNK (2 g) for 30 min at 37°C followed by extensive washes. In vitro ubiquitination was carried out in the presence of ubiquitin HA (UB-HA) and rabbit reticulocyte lysate, which was immunodepleted of JNK for 1 h at 37°C. The reaction was stopped, beads were washed extensively, and protein complexes were eluted and separated on an 8% SDS-PAGE gel. The upper portion of the blot was probed with HA antibody to detect polyubiquitin HA complexes formed on c-Myc, whereas the lower portion of the blot was probed with c-Myc polyclonal antibody. IB, immunoblot. As shown in B, 3T3 cells were infected with supernatant expressing either empty pRS control vector (pRS-C) or pRS vector containing small interfering RNA against JNK (pRS-JNK). Proteins were prepared 48 h after infection and subjected to immunoblot analysis using Myc polyclonal antibody. The blot was stripped and reprobed with antibodies to JNK, as well as with ␤-actin monoclonal antibody. Results shown are representative of three experiments.
sociation (38) . The specific association of the Myc-pep WT with JNK2 suggests that the increase in endogenous c-Myc expression is achieved via competition for JNK binding. The lack of association of Myc-pep 4PM with JNK is consistent with the inability of this peptide to increase endogenous c-Myc protein levels (Fig. 3A) . However, Myc-pep 2PM resulted in an increase in endogenous c-Myc, despite the lack of any significant binding with JNK, suggesting that other cellular factors (i.e. the actual ligase) may be out-competed by this peptide.
To determine whether the cellular localization of Myc is altered in response to peptide overexpression, we transiently co-transfected FLAG-tagged WT Myc and HA peptides with a GFP tag. The GFP-Myc peptides were localized in the nucleus, as expected upon expression as a fusion protein with a nuclear localization signal (Fig. 3B) . The FLAG-tagged WT Myc was found in the nucleus along with Myc-pep WT as well as Mycpep 2PM and Myc-pep 4PM mutants (Fig. 3B) , similar to what was observed upon expression of the control vector GFP (data not shown). Additionally, FLAG-Myc ⌬C , Myc 2PM , and Myc 4PM were also found in the nucleus when co-transfected with Myc-pep WT GFP (data not shown). These data demonstrate that the Myc peptides are expressed in the nucleus where c-Myc is also found and that the effect of these peptides on c-Myc is not due to altered subcellular distribution.
Expression of Myc aa 127-189 Increases Endogenous c-Myc
Stability-We next determined whether increased steady state levels of c-Myc, seen upon expression of Myc peptides, is due to increased c-Myc stability. Cycloheximide chase experiments revealed the half-life of endogenous c-Myc to be about 30 min in GFP-expressing cells (Fig. 4) , similar to what has been reported previously (2) (3) (4) , indicating that expression of vector GFP does not have an effect on endogenous c-Myc protein stability. Expression of Myc pep WT results in a prolonged half-life of endogenous c-Myc over 80 min (Fig. 4) . Expression of Myc-pep 2PM also increased Myc stability, albeit to a lesser degree (Fig. 4) (Fig. 3A) , also exhibited prolonged half-lives of up to 80 min (Fig. 4) . Significantly, the Myc-pep WT protein decays with a half-life of about 30 min, similar to that reported for full-length Myc protein (Fig. 4) . This suggests that aa 127-189 of c-Myc are sufficient for targeting by JNK for degradation, as seen for the full-length protein. Altogether, these results identify the contribution of JNK to the stability of the c-Myc protein, which can be abrogated by introduction of a peptide of Myc aa 127-189 that is able to associate with JNK, resulting in degradation of the peptide while blocking the targeting of endogenous c-Myc for degradation.
Increased c-Myc Expression Affects Cell Cycle Distribution-To determine whether the increased expression of c-Myc resulting upon peptide overexpression retained Myc functionality, we monitored possible changes in cell cycle distribution, which were reported to be altered in cells overexpressing Myc (38) . To this end, we carried out FACS analysis of normal human fibroblasts (TIG-3), which were transfected with control or Myc peptide constructs. Notably, expression of Myc-pep Fig. 5A ). The S phase fraction remained relatively unchanged (Fig. 5A) . The profiles of the GFP-negative, PI-positive cells closely resemble that of the negative control (Fig. 5A) , demonstrating that expression of GFP alone did not alter the cell cycle distribution in any sig- ) and GFP peptides (1 g), as indicated in the figure, and 24 h later, cells were fixed, permeabilized, and subjected to immunocytochemistry using polyclonal FLAG antibodies to detect FLAG-tagged Myc WT . Normal rabbit Ig was used as a negative control.
nificant manner (data not shown). Additionally, the expression of exogenous full-length c-Myc caused changes in cell cycle distribution similar to the Myc-pep WT GFP-expressing cells (data not shown). A duplicate set of transfected TIG cells was subject to Western immunoblot analysis to confirm the changes in endogenous c-Myc levels upon expression of the corresponding peptides (Fig. 5B) . These findings suggest that increased c-Myc expression that results upon squelching of JNK targeting retains the ability of c-Myc to mediate cellular changes seen upon its elevated expression. JNK-targeted ubiquitination and degradation of its associated proteins has been demonstrated previously by us and others for c-Jun, ATF2, JunB, and p53 (5, (27) (28) (29) (30) (31) . In all cases, this targeting occurs under non-stressed, normal growth conditions, when JNK is inactive as a kinase, as such targeting can be efficiently mediated by a kinase-dead form of JNK (28) . Importantly, JNK targeting depends on its ability to associate with the protein, even if it is not capable of phosphorylating the substrate, as shown for JunB (27) . Although former studies have demonstrated that JNK phosphorylates c-Myc on Ser-71 and on Ser-62 (25), these phosphoacceptor sites can be also phosphorylated by other MAPKs (20 -24) , suggesting that stabilization of Myc upon stress or cytokine stimuli may occur via alternate pathways, all of which would inactivate JNK-dependent targeting of c-Myc ubiquitination and degradation.
Clearly, JNK is only one of the adaptor molecules important for regulation of c-Myc stability. This notion is supported by the finding that c-Myc that no longer binds JNK (Myc ⌬C ) is still targeted for ubiquitination in vitro, albeit to a substantially lower degree. Furthermore, the ability of the Myc peptide mutated on 2 leucines (Myc-pep 2PM ), which are critical for the ␦ domain-like conformation and for JNK binding, to also increase c-Myc stability, albeit to a lower degree as compared with Myc-pep WT , suggests that other cellular proteins may compete with JNK in the regulation of c-Myc stability.
The domain of c-Myc studied here is different from those currently implicated in the regulation of c-Myc stability, which have focused on the amino-terminal box I region of c-Myc that harbors the well characterized phosphoacceptor sites Thr-58 and Ser-62. It is plausible that the C peptide studied here is responsible for proper conformation of the amino-terminal region, and as such, plays a central role in the regulation of c-Myc stability. This possibility is supported by the finding that c-myc S, a form of myc initiated from downstream methionines as a result of a leaky translational scanning mechanism, which lacks the amino-terminal 100 amino acids, is as unstable as full-length c-Myc (12) .
Mutation of Leu-176, albeit in the context of other mutations, has been reported in a Burkitt's lymphoma-derived allele, B17, with altered c-Myc activity (41, 42) . Significantly, a mutation of Leu-178 was reported, also as one of a number of other mutations, in a CA46 Burkitt's lymphoma-derived cell line to result in the extension of the half-life of mutated c-Myc protein (8, 18) . These observations indirectly support the model proposed in our study concerning the domain of c-Myc involved in mediating the role of JNK in the regulation of c-Myc stability.
As JNK is not expected to have E3 ligase activity, but rather serves as a targeting (adaptor) molecule, one question that remains to be addressed is the identity of the E3 ligase for c-Myc. Gross-Mesilaty et al. (11) reported increased ubiquitination of c-Myc by human papillomavirus E6 complex with E6-AP E3 ligase, which resembles the targeting of p53 for ubiquitination and degradation by this complex (43) . Interestingly, the docking site of E6 to human p53 (aa 92-112) overlaps with the residues reported to mediate regulation of human p53 stability by JNK (aa 97-116; 5). These findings point to a possible interplay between E6 and JNK in regulation of the ubiquitination and degradation of their associated proteins, including p53 and c-Myc. It is expected that the cellular E3 ligase will be found and shown to regulate stability of c-Myc. Skp2 is among proteins implicated in the regulation of c-Myc stability (16, 17) , which also require domains important for JNK association. The relationship between Skp2 and JNK as well as additional F box proteins is expected to shed further light on the regulation of c-Myc stability.
Expression of the C peptide of c-Myc increased endogenous c-Myc expression, resulting in a greater proportion of cells in the G 2 /M phases of the cell cycle. A number of c-Myc target genes have been reported to affect cells in G 2 , including p53 and Cdc25A (40) . Induction of apoptosis by etoposide treatment has been reported to occur at times of maximum G 2 /M content of c-Myc-positive cultures as opposed to c-Myc null cells (44) , pointing to the possible use of the Myc peptide studied here for sensitization of selective cell types to treatment. Altogether, the characterization of JNK in regulation of c-Myc stability adds an additional level of complexity to our understanding of mechanisms underlying c-Myc stability and activities.
